Polycyclic aromatic hydrocarbons (PAHs) are one of the most important persistent organic toxic micropollutants present in water. These compounds are essentially known for their carcinogenic, mutagenic and genotoxic properties, especially the PAHs containing four or more aromatic rings.
Introduction
detection (SPE-HPLC-FLD) methodology, for the determination of five known PAHs in natural spring waters: BbF, BkF, BghiP, IcdP and BaP.
The performance of the methodology was tested in terms of linearity, limits of detection and quantification, trueness, repeatability and intermediate precision, following the recommendations of the international standard ISO/IEC 17025.
The methodology was then applied to fifty natural springs in villages located in Sintra and Odivelas municipalities, situated in the surroundings of Lisbon. The interest in studying these villages is related with the fact that plenty of natural springs exist in this area and are frequently used by the population.
Materials and methods

Materials
The PAHs used for the SPE optimization and quantification procedure were: BbF, 99.5%; BkF, 99.5%; BghiP, 99.3%; IcdP 99.5%; and BaP, 98.0%; purchased from Dr. Ehrenstorfer as solid reagents. The PAHs used for the study of the methodology's performance were: BaP 100 ng/uL in cyclohexane, 95% and IcdP 100 ng/uL in cyclohexane, 95%, purchased from Riedel-de-Haen; BkF 10 ng/uL in acetonitrile, 99.0%, BghiP 10 ng/uL in acetonitrile, 99.5% and BkF 10 ng/in acetonitrilo, 99.5%, purchased from Dr. Ehrenstorfer.
Acetonitrile was HPLC purity from Carlo Erba, n-hexane was Suprasolv grade from Merck and ultra-pure water produced by Milli-Q device from Millipore.
Preparation of natural spring water samples
Fifty natural springs from Sintra and Odivelas municipalities, comprising fifteen villages (Algueirão/Mem-Martins, Belas, Massamá, Queluz, São Martinho, São Pedro, Colares, Montelavar, Almargem do Bispo, Terrugem, São João das Lampas, Caneças, Ramada, Póvoa de Santo Adrião, Odivelas) were analysed.
The samples were collected one time in November/December of 2006, in 1 L amber glass bottles containing 0.05 mg of sodium sulphite, and were keep under refrigeration (4 ºC) and protected from light, until the extraction and subsequent analysis. 250 mL of the water sample was transferred to 1 L dark bottle and 75 mL of acetonitrile was added. All samples were analysed in duplicates, undergoing the SPE-HPLC-FLD procedure. The average value of peak areas was used for the quantification.
Chromatographic equipment and experimental conditions
Identification and quantification of PAHs was done using an Agilent 1100 series HPLC instrument, equipped FLD detector. The separation was performed with a C 18 ChromSep HPLC Column SS 25 cm x 4,6 mm equipped with a ChromSep Guard Column SS 10 x 3 mm (Varian).
The injection volume was 50 µL in the low and middle levels and 5 µL in high level. The elution temperature was maintained at 30 ºC, during 17 minutes running with 100% acetonitrile. The flow rate was 1 mL/min. The wavelengths chosen for the fluorescence detector were λ ex = 295 nm and λ em = 420, 440 and 490 nm.
SPE equipment and experimental conditions
A SPE TRACER-Teknokroma vacuum manifold, twelve positions was used. The cartridges (C 18 -500 mg/6ml-supplied by Varian) were previously conditioned with 7 mL of acetonitrile and 14 mL of ultra-pure water. Aqueous samples were passed through the cartridge at the maximum rate allowed. The glass material was then washed with 20 mL of acetonitrile/water (30/100) and subsequently passed thought the cartridge. The cartridge was dried by blowing N 2 for 20 minutes. Adsorbed PAHs were eluted with 10 mL n-hexane and the cartridge was then washed with 2 mL n-hexane. The solutions were concentrated to 1.0 mL, with N 2 blowing, after the addition of 2 mL acetonitrile.
Analytical quantification
PAHs were quantified by peak area using the external standard method in three working ranges: low, middle and high, injected directly in the HPLC system. In the low range, nine calibration solutions were used for all PAHs (with exception of IcdP -eight points) and ten replicates for each point were prepared. In the middle and high range, nine calibration solutions were used for all PAHs, and ten replicates of the end points were made.
Results and discussions
Optimisation of the SPE procedure
The SPE technique was selected for the extraction/preconcentration of the PAHs from the water samples. The studies presented by several authors for the extraction of PAHs from water samples, demonstrate that SPE is a technique which presents high recoveries [3, 12, 19] , limits of detection in the sub nanogram per litter level [1-3,13] and it is very easy to implement. It is also a technique suitable for the determination of overall PAHs in water samples [12] . Some literature studies which compare SPE with SBSE [12] , SPE with SPME [3] and SPE with LLE [19] , demonstrated that SPE is a technique suitable for determination of all PAHs, presenting higher recoveries and limits of detection one order (or more) less.
In the SPE procedure, typical C 18 cartridges were used, and the elution volume (5 and 10 mL of n-hexane) and the associated recovery of the PAHs were studied, in two spiking levels.
In the studies presented in the literature, several solvents are used in the SPE procedure for the extraction of PAHs from water samples: n-hexane [3,13], ethyl acetate [1], dichloromethane [3], acetonitrile [3, 19] and methanol [2], or combination of two solvents [12] . The solvent n-hexane seems to present the best www.witpress.com, ISSN 1743-3541 (on-line) recovery/toxicity combination. Furthermore because n-hexane is the less polar solvent, it is less likely to pull interferences of the cartridges [3].
The average recoveries (R) and relative standard deviation (RSD) obtained for the different elution volumes (V) of n-hexane and spiking levels are presented in Table 1 . There are no significant differences in the R and RSD values, for each level with the two n-hexane volumes. In the high level, 70-94% recovery was obtained with the 5 mL volume and 75-91% with 10 mL volume. In the middle level, 86-102% recovery was obtained with the 5 mL volume and 83-102% with 10 mL volume. In both levels, the RSD values obtained were acceptable according to the standards criterion (less than 20%).
For the recovery values to be in agreement with the Portuguese legislation (100 ± K, K being accuracy and equal to 25%), the 10 mL n-hexane volume was chosen for the SPE procedure.
The high recovery values obtained in both levels can be justified by the low water solubility and high hydrophobicity of the compounds (low Henry's constant values -K H and high octanol-water partition coefficients -K ow ), which explains the high affinity for the organic fraction [1, 9] . Comparing the two spiking levels, better values are observed in the middle spiking level, probably due to the better capacity of SPE solid phase to retain low sample amounts.
Analyzing the recoveries values for each PAH, the compound which presents the less value is IcdP, both in the middle and high spiking level. This can be justified by the higher water solubility (0.062 mg/L) of IcdP, comparing with the other PAHs (2.6 x 10 -4 to 1.2 x 10 -3 mg/L) [9] . The recoveries obtained for all the PAHs are similar to the ones obtained by other SPE techniques [1,3,13].
Validation parameters of the analytical methodology
The analytical parameters evaluated to validate the SPE-HPLC-FLD methodology were: linearity, limits of detection and quantification, trueness, repeatability and intermediate precision.
The linearity of all curves was studied following two steps: 1) adjustment of the working range for a 99% confidence interval, using the F-test for homogeneity of the variances; 2) calculation of the linearity for each curve www.witpress.com, ISSN 1743-3541 (on-line) Table 2 shows the results obtained for the linearity studies. A good linear correlation between concentration and peak areas was obtained for all the curves, with correlation coefficients (R 2 ) ranging from 0.9845 to 0.9997 and the RSD values less than 8%.
Limits of detection (LOD) and quantification (LOQ) were calculated using two different criterions. The first criterion is based on the determination of the standard deviation of the residuals (S y/x ), obtained from the low range calibration curves. The other is based on the standard deviation (S 0 ) of fortified solutions at a sub nano-gram concentration. The results are presented in Table 3 . Table 3: LOD and LOQ for the analytical methodology. The limits of detection obtained varied from 0.02 to 0.05 ng/L, using the first criterion, and from 0.18 to 0.29 ng/L, using the second criterion. The second criterion is much stricter, since it considers the entire methodology. These values were later experimentally confirmed, and the RSD values obtained were less than 15% for all the compounds, indicating that the limits obtained by this criterion were accurately determined.
The LOD and LOQ obtained were similar to those reported by other authors for the determination of PAHs in water samples, using a SPE methodology [1-3, [13] [14] [15] .
To determine the trueness, repeatability and intermediate precision of this methodology, samples were prepared at a 0.006 µg/L concentration level (ten replicates) in three different matrices, ultra-pure, tap water and bottled water, by www.witpress.com, ISSN 1743-3541 (on-line) three analysts. The analytical recoveries (R) were used to evaluate the trueness of the method. The repeatability was calculated as within-day RSD of analyte concentration and intermediate precision was evaluated as RSD of analyte concentration, obtained in consecutive days by three analysts, in different matrices.
Analytical recoveries were acceptable in all the matrices for all the compounds, varying from 80.2 to 110.3%. Comparing the three matrices, R varying from 94.0 to 110.0% were obtained for ultra-pure water samples, 95.2 to 110.1% for bottled water samples and 80.2 to 110.3% for tap water samples. All these values were satisfactory, leading us to believe that matrices effects can be neglected.
Repeatability and intermediate precision were shown to be adequate, with repeatability RSD values ranging from 4.4 to 13.1% and intermediate precision RSD values ranging from 5.1 to 13.7%. These results are adequate for water quality monitoring and also very similar to those obtained by other authors for the quantification of PAHs using a SPE-HPLC methodology [3, [13] [14] [15] .
For an external evaluation of the accuracy, the method was tested by participating in an interlaboratory comparison test, organized by Aquacheck. The z-scores ranged from -1.17 to 0.49, expressing the excellent results obtained by the SPE-HPLC-FLD methodology for the quantification of PAHs in drinking water samples.
Analysis of real water samples
The methodology was applied to real water samples, fifty water springs from Sintra and Odivelas municipalities, comprising fifteen villages.
In the samples analysed, PAHs were detected under the limits proposed by the Portuguese legislation. Nevertheless, in some villages (Massamá, Montelavar, Almargem do Bispo, São João das Lampas, Póvoa de Santo Adrião and Odivelas), low concentrations of PAHs were detected. These results confirmed the need for monitoring PAHs more frequently in these and other natural spring waters.
Conclusions
In this paper, a highly satisfactory SPE-HPLC-FLD methodology for the simultaneous analysis of five known PAHs in natural spring waters, was presented. The SPE technique showed some advantages in relation to the SPME and LLE extraction techniques, proving to be an easy, simple and low-cost method for extracting PAHs from water samples, with similar or better performance.
The methodology showed good sensitivity, with detection limits two orders of magnitude below the legislation values for PAHs in drinking waters. These values allowed the determination of the proposed compounds at the levels required by the Directive 98/83/EC, as it was performed in natural spring waters.
The results obtained in the validation studies showed that this method is appropriate for the routine analysis of the PAHs in drinking waters, with adequate sensitivity, good linearity, trueness, repeatability and intermediate precision.
In the fifty natural spring samples analysed, the PAHs were detected below the legislation values. The results are encouraging but very few to ensure the quality of natural springs, pointing out the need for monitoring more PAHs in these and other natural spring waters. 
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